Abstract The San Timoteo badlands is an area of uplift and erosional dissection
Introduction
In regions of strike-slip tectonics, the distribution of topography can provide an indication of the sense of movement and rate of displacement along faults. Regions of extension and contraction, associated with fault complexity and interaction of faults, are reflected by topographic lows and highs. Strain accumulation around complex faults has been simulated using elastic models (Bilham and King, 1989; Saucier et al., 1992) ,. The predicted deformation, based on these models, is typically in fair agreement with field observations (e.g., Bilham and King, 1989; Saucier et al., 1992; Anderson, 1994; Bürgmann et al., 1994) . Development and refinement of morphometric techniques in regions of known uplift rates has contributed to the understanding of the geomorphic signature of tectonic deformation (e.g., Bull and McFadden, 1977; Wells et al., 1988; Merritts and Vincent, 1989; Snyder et al., 2000; Kirby and Whipple, 2001) , although quantifying uplift rates by utilizing morphology remains elusive.
The San Timoteo Badlands region, along the northern part of the San Jacinto fault zone ( Fig. 1 ), provides a setting in which to examine the relation between topography and strain along the San Jacinto and adjacent faults. There, sedimentary rocks of the San Timoteo Badlands region have been uplifted, deformed, and exposed as a result of motion past a restraining left bend along the right-lateral San Jacinto fault zone (Morton and Matti, 1993b) . This deformation is reflected in diachronous folds and faults (Morton and Matti, 1993b) , as the topography is transported laterally out of the zone of uplift, as well as uplifted surfaces within the zone of deformation. Adjacent to this restraining bend, on the southeast side of the San Jacinto fault, is a bedrock topographic high (Fig. 2) .
The goal of this study is to assess the deformation, expressed as uplift, and the geomorphic response to this uplift, associated with the restraining bend along the San Jacinto fault. This deformation can provide additional insight into the divergent rates of slip proposed for the San Jacinto fault. The distribution of slip between the San Jacinto and San Andreas faults in this region has implications for seismic hazard analysis and planning. To this end, we established stratigraphy of late Quaternary deposits at the northern end of the San Timoteo drainage basin using soil correlation, thermoluminescence (TL), and near infrared optical simulation luminescence (IROSL). We also used morphometric techniques to infer the patterns of spatial deformation, which then were combined with the stratigraphic data to better understand the uplift history. Finally, we compared the spatial and temporal distribution of uplift with the modeled uplift for lateral slip along a fault of this configuration.
Geologic and Geomorphic Setting
Late Quaternary Stratigraphy and Geomorphic Setting In the San Timoteo Badlands, late Miocene to Pleistocene deposits of the Mount Eden Formation of Fraser (1931) and the San Timoteo beds of Frick (1921) (hereafter referred to informally as Mt. Eden formation and San Timoteo beds) are exposed for some 35 km within the San Jacinto block that has been uplifted directly east of the San Jacinto fault zone ( Fig. 2) (Matti and Morton, 1975; Matti et al., 1992b; Albright, 1999; Morton, 1999) . The Brunhes-Matuyama reversal is located in the uppermost portion of the sequence, suggesting that deposition of the upper San Timoteo beds continued beyond approximately 780 ka (Albright, 1999) . Morton and Matti (1993) proposed that the sediments were deformed and uplifted as the San Bernardino block was displaced laterally past a restraining left bend in the right lateral San Jacinto fault. Rapid incision of the deposits has resulted in the present badland morphology of parts of the region.
Two major drainages (San Timoteo and Reche Creeks) are developed at the northern end of the badlands, forming canyons and both flowing northward to join the Santa Ana River. The San Jacinto fault zone occurs near the divide between these two drainage basins (Fig. 1) . Three major geomorphic surfaces are preserved in lower San Timoteo Canyon and Reche Canyon (Fig. 3) (Morton, 1978a,b,c; Matti et al., in press; Matti et al., 1992a; Kendrick, 1993 Kendrick, , 1996 Kendrick and McFadden, 1996) . We view geomorphic surfaces as mappable landscape elements, formed during a discrete time period, following the definition of Ruhe (1956) . The degree of soil development associated with these geomorphic surfaces is comparable to that of nearby dated soils and allows correlation of the surfaces (Kendrick, 1993 (Kendrick, , 1996 Kendrick and McFadden, 1996) . Soil-development in- Figure 2 . Generalized geologic map of the San Timoteo study area (Morton, 1972; Morton, 1978a,b,c; Matti et al., 1992a, in press ).
dices based on field descriptions of these soils, combined with laboratory analyses, provide a basis for comparison within the field area, as well as to dated soil chronosequences elsewhere in California, including Cajon Pass, Merced, and Anza (Harden, 1982; McFadden and Weldon, 1987; Harden and Matti, 1989; Harrison et al., 1990; and Rockwell et al., 1990) .
The oldest surface (Q3) is extensive and indicates a period of landscape stability following the deposition of the San Timoteo beds (Fig. 3) . This surface is developed on middle to early Pleistocene alluvial valley deposits (Qvoa 3 ) of Matti et al. (in press ). The laterally discontinuous deposit (Qvoa 3 ) (mapping by Matti et al., 1992) associated with surface Q3 accumulated as the San Timoteo depositional basin was disrupted by tectonism (Matti et al., 1992) . This deposit is discontinuous and of variable thickness, and in places the soil associated with this surface is developing directly on the San Timoteo beds (Matti et al., 1992, in press; Albright, 1997; this study) . This surface is preserved within Reche Canyon and was apparently emplaced as alluvial deposits graded to Reche Creek. Correlation of soil development associated with this surface indicates that the surface is approximately 300-700 ka (Kendrick and McFadden, 1996) , having similar soil development as Qoae of Cajon Pass (McFadden and Weldon, 1987) .
The youngest surfaces that are preserved are inset within San Timoteo canyon (Q1, Q2) and have formed following the incision and isolation of alluvial deposits associated with tributary streams to San Timoteo Creek. This alluvium is mapped as late to middle Pleistocene alluvial fan deposits (Qof 3 ) by Matti et al. (in press ). Slopes on these surfaces range up to 10Њ, inclined toward the axial streams. Surface Q2 is also present within Reche Canyon (Fig. 3) . The degree of soil development associated with Q2 suggests that this surface stabilized during the period 43-67 ka (Kendrick and McFadden, 1996) , correlative with Qoad of Cajon Pass (McFadden and Weldon, 1987) . Surface Q1, which is located only in the northern reach of the San Timoteo drainage basin, is estimated to have formed between 27.5 and 67 ka (Kendrick and McFadden, 1996) , based on correlation to soils at Cajon Pass and Anza (McFadden and Weldon, 1987; Rockwell et al., 1990) .
Regional Tectonic Setting; Interaction of San Andreas, Banning, and San Jacinto Faults
The study area is located in a complex tectonic region along the San Jacinto fault and near the western projection of the Banning fault (Figs. 1, 4) . The Crafton Hills fault complex, linking the San Jacinto and San Andreas faults, is in the northern part of the study area. The San Jacinto fault zone is a relatively young feature having an overall linear trend and an en echelon pattern of fault segments (Sharp, 1967 (Sharp, , 1972 . The well-defined morphology of the fault, its historic seismicity, and its high geodetic strain rate (Thatcher Enlarged area shows the luminescence sampling locations 5, 9, 14, 23, 27, 33) . Geology modified from Morton (1978a,b,c) . Stratigraphy associated with Q2 ( Fig.  5 ) was described at location of samples 27 and 32. Stratigraphy associated with Q1 ( Fig. 6 ) was described at location of sample 9. Surface profiles, labeled a-c are plotted in Figure 11 a -c, respectively. et al., 1975; Savage and Prescott, 1976; Hutton et al., 1991) indicate this fault is the most active part of the San Andreas system south of the Transverse Ranges. Sharp (1967) and Morton and Matti (1993a) proposed a maximum of 24-30 km right-lateral displacement on the fault, based on reconstruction of distinctive metamorphic rocks within the Peninsular Ranges. The San Jacinto fault zone is interpreted to have formed in response to an asperity along the San Andreas fault near San Gorgonio Pass, as a bypass to a structural "knot" that had developed (Matti et al., 1985; Sykes and Seeber, 1985; Meisling and Weldon, 1989; Matti and Morton, 1993) . The northern end of the San Jacinto fault zone is aligned with a bulge at depth in the plane of the San Andreas fault (Meisling and Weldon, 1989) ; the high rate of displacement along the San Jacinto fault might be contributing to this deformation. Mapping by Morton and Matti (Morton, 1975; Morton and Matti, 1987, pl. 12-1) has demonstrated that the northern San Jacinto fault interacts with east striking thrust fault systems, contributing to the rapid rise of the eastern San Gabriel Mountains (Morton and Matti, 1993a) .
Fault interactions in the San Gorgonio Pass region are complex, and the surface expression of a thoroughgoing San Andreas fault is reported as subtle to absent, leading to the suggestion that there has been limited strike-slip displacement since the inception of the San Jacinto fault zone (Allen, 1957; Matti et al., 1985 Matti et al., , 1992 . This is also indicated by clasts of distinctive basement-rock types in Pleistocene units of the San Timoteo beds, including Precambrian quartzites, Keller Peak monzogranite, and a megaporphyritic horn- Figure 4 . Map of major drainages and faults within the study area. Morphometry of drainage basins ST 1-13, F1-2, and SJ 1-14 was determined; see text for explanation. Fault mapping compiled from Morton (1978a,b,c) , J. Matti et al. (1992) , C. Matti and D. M. Morton (unpublished data). blende monzogranite (Morton et al., 1986) . The position of the probable source area for these deposits, the headwaters of the Santa Ana River, almost directly across the San Andreas fault, suggests that very little lateral motion has occurred (Morton et al., 1986; Matti and Morton, 1993, their figure 7I ). The east-northeast-striking, extensional Crafton Hills fault complex defines the boundary between the San Timoteo Badlands and the San Bernardino basin (Fig. 1) . It has been suggested that this fault system is likely accommodating some of the slip transfer between the San Andreas and San Jacinto systems (Matti et al., 1985) . All the faults in this complex show evidence of having been active during the late Quaternary (Matti et al., 1992b) . This observation is consistent with seismicity patterns (Jones, 1988) . The extensional regime indicated by this seismicity matches the hypothesis of slip transfer from the San Jacinto to the San Andreas faults (Jones, 1988; Morton and Matti, 1993) .
Right-lateral slip rate estimates for the San Jacinto fault vary widely and are based on paleoseismic investigations and regional framework studies. Within the southern part of the San Bernardino basin, Wesnousky et al. (1989 Wesnousky et al. ( , 1991 propose rates as low as 1.7 to 3.2 mm/yr, although they note that this rate may be for only one of several strands of the fault zone. Rockwell et al. (1990) propose rates as high as 6-23 mm/yr in Anza Valley. Slip-rate values for the fault are reported as a minimum of 8-12 mm/yr (Sharp, 1981) , although these values are widely cited as preferred rather than minimum values. Morton and Matti (1993) , however, proposed an approximate mean value of 17 mm/yr and maximum of 24 mm/yr, based on offsets within the San Timoteo Badlands. This higher rate of slip is further supported by the timing of transformation of the San Timoteo Badlands region from a locus of deposition to an uplifted and dissected terrain, inferred to be in response to motion along the San Jacinto fault (Morton and Matti, 1993a) . The timing of this transformation, combined with the total slip along the fault, suggests slip rates of greater than 20 mm/yr. A similar rate is implied by the proposed youthful age of inception of the San Jacinto fault to the south (Dorsey and Ryter, 2000) . The Working Group on California Earthquake Probabilities (1995), however, suggested a preferred consensus value of 12 mm/yr for the rate of slip of the San Jacinto fault zone.
Methods
Our approach to determining uplift associated with deformation along the restraining fault bend within the San Timoteo study area includes a combination of field investigation and morphometric analysis. Vertical-uplift rates for each surface were estimated based on soil correlation age estimates and TL and IROSL dates and the height above the active stream valley. The results of these observations and measurements are compared with the predictive results from simulation models.
Age Determination
The degree of soil development is used to correlate surfaces within the study area. Field properties that have been previously utilized for this correlation include rubification, structure, texture, and clay films (Kendrick, 1993; Kendrick and McFadden, 1996) . Laboratory analysis includes iron oxide composition and distribution through the soil profile (Kendrick and McFadden, 1996) and pedogenic silica (Kendrick, 1999) .
The late Quaternary stratigraphy has been further refined from the previous age estimates using TL and IROSL. Samples for TL and IROSL were collected to prevent cohesive interior portions from being exposed to light (collection methods after G. W. Berger, personal comm., 1996) . Samples were collected from sediments associated with two of the preserved surfaces, and designated 5, 9, 14, 23, 27, 33 (Fig. 3) by G. W. Berger (Desert Research Institute, Reno, Nevada) and K. J. Kendrick. TL is a measure of the luminescence produced by applying heat to a sample, thus releasing the stored, or trapped, electrons within sediment grains (e.g., Wintle and Huntley, 1982; Aitken, 1985; Berger, 1986) . This luminescence provides an indication of the duration since the electron traps were previously emptied, as a result of exposure to heat or light. Optical simulation luminescence (OSL) is a measure of the luminescence produced by illuminating a sample with either visible or near infrared wavelengths of light. In OSL, the most sensitive sites for trapping of electrons are emptied after very brief exposure to light (Huntley et al., 1985) . It would be expected that, especially in environments briefly exposed to light, the OSL age would be younger and likely more accurate than the TL date (Berger, 1995) . All dates are reported with ‫1ע‬r errors (Table 1) . For a complete discussion of the methodology and uncertainty associated with TL and OSL, refer to Berger (1995) .
Morphometric Analyses
The morphometric analysis of the study area includes the construction of envelope, subenvelope, and residual maps for the San Timoteo Badlands, after the methodology of Stearns (1967) . The envelope map was constructed by spanning the drainages and contouring the ridgelines using digitized analog maps. A maximum spanning distance of 1 km was used; for canyons with a width less than this, the contours on the envelope map smooth the actual topography and the canyons are not contoured in the envelope map. The subenvelope map was constructed using the topography of the second-order streams throughout the study area. The residual values were determined by subtracting the subenvelope from the envelope values at each 20Ј contour line along the second-order stream courses. The residual values were then contoured to form the final map. The approach of using only second-order streams in the residual map determination allows for an evaluation of the intermediate response of the network to uplift and deformation (Bullard and Lettis, 1993) . A further advantage of the strategy of using second-order streams is that the available quantity of stream segments provides an adequately robust data set (Bullard and Lettis, 1993) .
In addition to the residual mapping, a stream-gradient index (Merritts and Vincent, 1989; Hack, 1973) was measured for the drainage basins in this study. This morphometric parameter was selected for use because it provided a useful indication of uplift in a series of drainages developed adjacent to the San Jacinto valley (Chapter 3 of Kendrick, 1999) . The stream-gradient index, developed by Hack (1973) , provided an indication of changes in channel characteristics, including bedrock resistance and particle size of the stream-bed material along a stream profile. This index is the product of the distance from the drainage divide to a point along the reach with the slope of the stream at that point, and in a well-adjusted stream the value would remain constant along the length of the stream (Hack, 1973) . The index is defined as:
where S is the slope of the stream, L is the horizontal distance from the drainage divide, H is the height, and k is a constant, equal to the slope of a semilogarithmic plot of the stream longitudinal profile (Hack, 1957 (Hack, , 1973 . The usefulness of this technique in broadly identifying tectonic uplift was suggested by Keller (1977) and has been further confirmed along the northern California coast (Merritts and Vincent, 1989) , where rates of uplift are independently known. In this study the index value was determined using digitized topographic maps, and values were determined at each contour line along the trunk drainages of San Timoteo Creek and its tributaries. Finally, we determined the sediment volume loss from each of 15 drainage basins along the south side of the San Timoteo Creek (Fig. 4 ) by back-filling the canyons to the level of the lateral drainage divides. This was accomplished by calculating the volume of sediment loss between each contour line on a digitized 1:24,000-scale quadrangle, simplified to a slab morphology. The surface and stream profiles were constructed using the digitized topographic 1:24,000-scale quadrangles.
Analysis of Deformation due to Slip along Discontinuous Strike-Slip Faults
Elastic models have been demonstrated to qualitatively match the distribution of topography surrounding geometric fault complexities (e.g., Bilham and King, 1989; Bürgmann et al., 1994) . This suggests that although the earth responds in nonelastic ways to such complexities over the long term, the geometry of the elastic response is in part permanently preserved. An elastic half-space model based on subroutines of Okada (1992) was constructed incorporating the compressional left bend along the mapped trace of the San Jacinto fault (Fig. 4 ). (The model assumed a Poisson ratio of 0.25 and a shear modulus of 30 GPa.) The bend in the study area is approximately 7.3 km in length and 10Њ more westerly than the regional trend. The San Jacinto fault was simulated by vertical rectangular dislocations, which were free to slip in response to an imposed N41W shear-stress field. In order to look at long-term deformation patterns formed over many earthquake cycles, the model discussed here used dislocations arrayed along the fault trace that were 1000 km tall, effectively simplifying the model to two dimensions. Dislocations that extended only to the base of the seismogenic crust would be more appropriate for examining coseismic deformation associated with a single earthquake. The shear field was simulated by one large rectangular dislocation extending the fault below 1000 km and by two others extending the fault to northeast and southwest, all of which were forced to slip at 25 mm/yr. Two large dislocations at 100 km to either side of the fault were also forced to slip so as to yield a rate of 25 mm/yr across the zone. This rate is the maximum reported for the San Jacinto (Morton and Matti, 1993b) and was used in the calculations to generate the maximum response; lower slip rates would result in proportionally reduced rates of uplift but would not change the pattern of deformation. The pattern of deformation reflects only the vertical effect of the restraining bend. Because of the assumption of elastic behavior and the simplicity of the model, the model results are expected to offer at best a qualitative guide to the long-term vertical deformation field.
Results and Discussion
Stratigraphy of the Quaternary Surficial Units in the San Timoteo Badlands Region
The stratigraphy and geomorphology of surficial units defined in the study area provides a basis for interpreting periods of deposition and incision, rates of deformation, and the spatial distribution of deformation. The surfaces are defined in this study based on the surface morphology and the degree of associated soil development. Soils can be used as time lines because they form at the surface on stable landscapes and thus represent periods of limited erosion or deposition. Comparisons of the pedogenic properties of these soils with those of nearby, dated soils yield approximate age estimates. The soil stratigraphy has been further constrained by independent dating techniques.
The oldest Quaternary surface that is preserved was designated Q3 in the soil stratigraphic designation of Kendrick and McFadden (1996) . The surface associated with these deposits is extensive in the area between the Crafton Hills and San Timoteo Canyon but occurs only as isolated remnants in the Reche Canyon area and along the divide between San Timoteo and Reche Canyons (Fig. 3) . The soil development of the associated surface is best correlated to the Qoae surface of Cajon Pass (McFadden and Weldon, 1987) that has an estimated age of 300-700 ka, with a preferred age estimate of 500 ka (Kendrick and McFadden, 1996) . Paleomagnetic analysis of samples from the upper 100 m of section below this surface has yielded only normal polarization (Albright, 1997 (Albright, , 1999 . These normally polarized deposits are interpreted to lie above the BruhnesMatayama magnetic reversal, dated at 780 ka (Renne et al., 1994) . Albright (1997 Albright ( , 1999 ) inferred a sedimentation rate of between 0.2 and 0.4 mm/yr for the San Timoteo beds. If this rate is assumed to be reasonable for the uppermost part of the stratigraphy, it indicates that 250-500 ka would be required for the deposition of the upper 100 m, placing the timing of the final deposition at approximately 280-530 ka (Albright, 1997) . Surface stability and soil development would occur subsequent to the deposition of the sediments. If the assumptions regarding sedimentation rates are reasonable, it would indicate that 300-530 ka might be a better age estimate range for the Q3 soil.
The next oldest surface mapped in the San Timoteo area is Q2. It is located within Reche Canyon and at the northwestern (lower) end of San Timoteo Canyon as surfaces graded to the main channels of Reche and San Timoteo Creeks (Fig. 3) . The stratigraphy associated with this surface shows a complex depositional history, indicated by buried soils and an angular unconformity (Fig. 5) . The surface soil is developed in unbedded to well-bedded fluvial and alluvial fan deposits, mapped as Qof 3 , and late to middle Pleistocene alluvial fan deposits by Matti and others (in press ). At approximately 4-m depth there is a buried soil, indicating a period of relative stability of the surface, and a depositional hiatus. An unbedded, rubified unit at approximately 9.5-m depth may represent another buried soil. Clear diagnostic evidence of pedogenesis, such as pedogenic structure or the presence of translocated clay, is lacking, however, and the unit at 9.5 m is likely to be depositional rather than pedogenic in origin. The angular unconformity is located immediately below this reddened unit, and the San Timoteo beds are encountered at a depth of 13.3 m.
Three samples were collected for TL and IROSL dating of this surface, from a depth of 2.3 to 5.2 m below the surface at two sampling locations (samples STC96-23, 27, 32) (Fig.  5) . The IROSL ages from the samples collected from one section are 66.7 ‫ע‬ 8.5 ka (sample STC96-27) at 5.2 meters depth, and 64.0 ‫ע‬ 5.4 ka (sample STC96-32) at 2.3 meters depth below the surface. The lower sample is located stratigraphically below the buried soil, which represents a gap in the sedimentation. An additional sample (sample STC96-23), collected nearby at 3.3-m depth has yielded a TL apparent age of 96 ‫ע‬ 12 ka. The IROSL age determination for this sample is 84.6 ‫ע‬ 9.0 ka, suggesting that the sample was slightly less than completely bleached (Berger, 1995) . When this sample from the second locality is projected into the stratigraphic section, an apparent reversal in age is indicated (Fig. 5) . This points out a potential difficulty in correlating between these exposures in a laterally variable depositional setting. Lacking distinctive marker beds, the only basis for correlation is depth of the collected sample. In this fluvial environment, TL dates may be incompletely bleached; all three of the IROSL ages are considered to be valid for this deposit and are used to estimate the age of the surface (Table 1) .
The youngest surface analyzed in this study is designated Q1 and is characterized by less pedogenic development. This surface is located only in the northern part of the San Timoteo Canyon as a surface originally graded toward the main channel (Fig. 3) . The alluvial deposits associated with this surface are generally conformable to a depth of ϳ19 m (Fig. 6) .
Four samples were collected from the deposits associated with surface Q1 for TL and IROSL analysis (samples STC96-1, 5, 9, 14) ( Table 1) at depths between 3.1 and 17 m below the surface at three different locations. Sample Figure 5 . Stratigraphic column of deposits associated with Q2. TL and IROSL age determinations are shown; those with a dashed arrow are projected into the section from nearby sampling locations. Location of description is shown in Figure 3 . Angular unconformity is located at approximately 9.7-m depth; section has been restored for illustrative purposes. STC96-9, collected from 17 m below the surface, provides a TL apparent age of 81.7 ‫ע‬ 9.6 ka and, initially, an apparent IROSL age of 77.7 ‫ע‬ 7.0 ka (Fig. 3) . A subsequent age estimate derived for IROSL, using a higher preheat temperature, resulted in an apparent age of 108 ‫ע‬ 13 ka. Sample STC96-5, collected 12.2 m below the surface in an adjacent exposure, has an IROSL date of 74.3 ‫ע‬ 9.6 ka.
Two samples were collected from sites at higher locations on the surface, both from a depth of approximately 3.1 m (Fig. 3) . As mentioned, a consequence of the fluvial character of the alluvium is the lack of laterally continuous marker beds with which to correlate these sites from different locations. Sample STC96-1 yielded a TL age determination of 61.5 ‫ע‬ 5.8 ka and an IROSL age estimate of 59.2 ‫ע‬ 3.4 ka; the close agreement between the TL and IROSL age estimates suggests that the bleaching of the sample was complete and that the age is therefore reliable (G. W. Berger, personal comm., 1998) . A deviation in the pattern for the TL and IROSL signals is evident in the results from a sample collected from a depth of 3.3 m below the surface (sample STC96-14). The TL signal indicates an age estimate of 47.2 ‫ע‬ 9.7 ka, whereas the IROSL indicates 101 ‫ע‬ 15 ka. This IROSL age estimate is derived from the higher preheat temperature of 165ЊC, similar to the pattern in sample STC96-9. The TL signal in this case is in reasonable agreement with other age estimates for this surface, but the IROSL is much older. It is unexpected that the IROSL age estimate should exceed the TL age determination (G. W. Berger, personal comm., 1998).
Discussion of Luminescence Results
The more sensitive IROSL is the preferred technique for sediments that may not have experienced complete TL bleaching (Berger, 1995) . Adequate bleaching to eliminate residual TL signal would be rare in a sedimentary environment such as that of this study area, and there would likely be a discrepancy between the TL and IROSL apparent ages. It is a bit surprising, then, that for some of the samples for which both TL and IROSL age estimates were made, there is relatively close agreement (STC96-1, low temperature preheat STC96-9, and STC96-23) ( Table 1) . There is no known physical explanation for the IROSL apparent ages that greatly exceed the TL apparent ages (higher temperature preheat of STC96-9, STC96-14) (Table 1) (G. W. Berger, personal comm., 1998) , and it is difficult to interpret these results without further investigation. Other investigators have noted such anomalies, which they attributed to relatively highertemperature preheating treatments (S. Mahan, personal comm., 1998). Roberts et al. (1994) reported a similar pattern of results for luminescence measurements of sediments, although agreement of the TL results with the highertemperature preheat led them to suggest that the lowertemperature preheat resulted in an underestimate of the paleodose (Roberts et al., 1994) , rather than the other interpretation, that the higher values were inaccurate. This sequence of age estimates for Q2 derived from luminescence might reflect limitation of the resolution of this technique for this setting. At the 1r level of uncertainty, there is an apparent discrepancy between the luminescence ages and the stratigraphic sequence, although this could be attributed to the difficulties in correlating between sites, as previously discussed (Fig. 5) . The rate of deposition and erosion can vary spatially and temporally in the depositional environment represented by these sediments, resulting in potentially variable ages of the underlying deposits. If instead this stratigraphic discrepancy is actual, it could be indicative of either the uncertainties inherent within the dating method, including unstable luminescence and residual signal (incomplete bleaching), or of the appropriateness of applying this dating technique to the sediments of this study area. These relatively coarse-textured deposits could allow for the incorporation of finer grains reflecting more recent exposure to light (G. W. Berger, personal comm., 1998) .
The TL apparent ages of the deposits associated with the Q1 surface are stratigraphically consistent at the 1r level of uncertainty. In contrast to the TL age determinations for deposits associated with Q1, the IROSL apparent ages that greatly exceed the TL apparent ages (higher temperature preheat of STC96-9, STC96-14) are not consistent with the stratigraphy. Additionally, they greatly exceed the luminescence age determinations for the deposits associated with the older surface, Q2, and with the age estimates based on pedogenesis (Kendrick and McFadden, 1996) . For these reasons, and because the physical explanation for this anomaly is not understood, these age determinations are not preferred, and the lower temperature preheat IROSL result for STC96-9 and the TL result of STC96-4 are included in the stratigraphic section ( Fig. 6 ; Table 1 ).
Distribution of Deformation
Residual Mapping and Denudation. The residual map comprises the values of vertical difference between the envelope and subenvelope maps, as defined by Stearns (1967) . The envelope map is defined as a surface that is everywhere tangential to the highest relief of a region. As such it can best represent the pattern of uplift with only minor erosion. The subenvelope map is a surface that is tangential to the lowest elevation within a region, in this case, the secondorder streams. The residual map provides an indication of the amount and distribution of erosion into the envelope surface, as a function of deformation, climate, and lithology. Given a constant lithology, and within a uniform climatic regime, the residual map can serve as a proxy for uplift (Bullard and Lettis, 1993; Bürgmann et al., 1994) . The study area is within a single climatic regime, and the variation in the clast-size distribution and induration among the members of the San Timoteo beds is minimal in the region considered.
The residual map indicates a region of deep incision (Ͼ125 m between the channel bases and the crests of the adjacent ridgelines) that extends approximately 10 km and is centered on the southeastern end of the restraining bend Figure 7 . Residual map, with overlying faults. The contours represent the difference, in meters, between the upper envelope and lower subenvelope maps of the drainage basin, indicating the spatial distribution of incision. This incision is assumed to be a reasonable proxy for uplift. In this study, the subenvelope mapping was determined using only second-order streams, for the reasons discussed in this article, and the allowable spanning distance across valleys is 0.2 km in the construction of the envelope map. The drainage net was defined after the definition of Strahler (1952) on 1:24,000 scale topographic maps. The resulting residual map provides an indication of the amount of incision into the envelope surface, as a function of both deformation and lithology.
in the fault and parallel to the fault trend (Fig. 7) . In a setting such as this one, where the uplifted area is being moved out of the zone of uplift by lateral motion along the San Jacinto fault, it would be expected that the record of uplift could be preserved for some distance beyond the zone of maximum uplift, a result of the delay between uplift and the subsequent erosion.
Denudation has been used as a proxy for uplift in regions of tectonic activity (e.g., Brozovic et al. 1996) . In this study area, we define denudation to be the volume loss of each drainage basin, estimated by back-filling canyons. This technique of determining denudation provides a minimum value only because it assumes that the ridge lines are representative of the original surface with little or no erosion. This measurement also does not account for periods of aggradation since the initiation of incision. This volume loss, V (in km 3 ), can be divided by the area of the drainage basin, A (in km 2 ), to yield a denudation value, V/A (in km). We have determined V/A for the tributary drainage basins developed along the south side of San Timoteo Creek (Fig.  8a) . Denudation increases to a maximum value at drainage basin ST 5 (Fig. 4) , and then decreases (Fig. 8b) . If the drainage basins are younging to the northwest, toward the mouth of San Timoteo Creek, as might be occurring in this system (please see subsequent discussion on the evolution of the San Timoteo drainage system), it would be expected that the denudation value would continue to increase upstream, with increasing age. However, in drainage basins with large amounts of sediment storage, such as those in the upstream reach of San Timoteo Creek, the determined denudation values are much less that the actual material removed because no attempt is made to calculate the dimensions of the buried landscape. (Fig. 4) , the ridge topography was used to construct a surface representative of the original topography. The differences in area between the elevation contours yielded volume measurements lost from each elevation within the basin. This results in a minimum estimate of volume loss only, since there is the assumption of no erosion of the drainage divides. This volume loss was divided by the drainage basin area to yield a denudation value. (c) Distribution of preserved, uplifted surfaces with distance along stream profile. Stream profile is projected into a plane parallel to the San Jacinto fault. As a result this profile differs from that of Figure 9 , in which the profile is constructed along the active channel. (d) Distribution of modeled uplift along the same profile, plotted in Figure 12 . Comparison of modeled uplift (see Fig. 12 ) to denudation values and mean and standard deviation of SL indices. Projected into a plane parallel with the trend of the San Jacinto fault. intermediate time period (Davis, 1902; Mackin, 1948) . These streams are defined by Mackin (1948, p. 471) as "having attained a shape that is just adequate, under the prevailing climatic conditions, to transport out of the system the quantity of sediment derived from the drainage basin". The shape of these graded streams is generally concave upward; stream-gradient indices calculated along the length of such a stream would remain constant (Hack, 1973) . Merritts and Vincent (1989) made general observations about stream profiles in an area characterized by systematic variation in uplift rate. In areas of low uplift rate, the semilogarithmic plot of the stream profile is slightly concave, has low stream-gradient index values throughout the length, and has the lowest SL values present at the mouth of the drainage (Merritts and Vincent, 1989) . For streams in areas of intermediate uplift rate, the semilogarithmic profile is generally linear, having high stream-gradient index values at the mouth and alternating high and low values along much of the distance of the stream. High uplift rates resulted in a semilogarithmic plot that is convex, having high streamgradient index values throughout and highest values in the lower reaches (Merritts and Vincent, 1989) . Streams in areas of intermediate and high rates of uplift are increasingly out of grade; the fluvial processes have not responded completely to the increased uplift rate.
Stream Profiles and Stream-Gradient
The profiles and stream-gradient indices of San Timoteo Creek (Fig. 9) generally imply a similar pattern of uplift as that indicated by the residual map (Fig. 7) . The upper reaches of San Timoteo Creek have low stream-gradient index values, and the profile shape confirms the low rate of uplift in this area. The mouth of San Timoteo Creek, where it passes by the area just to the east of the fault bend, however, has increasingly high stream-gradient index values and a profile indicative of a high uplift rate (Fig. 9 ). This profile is not indicative of a stream that is in grade or one that is actively extending in the headward direction.
The tributary drainages along the south side of the San Timoteo Creek also display a pattern of profile morphology and stream-gradient index values consistent with accelerated uplift at the fault bend and diminished uplift away from the fault bend (Fig. 10 ). This observation is based on correlating drainage characteristics to those measured in areas of known uplift (Merritts and Vincent, 1989) . The profiles are convex upward near the mouth of San Timoteo Creek (i.e., profiles ST2, ST4, Fig. 10 ), and are concave upward toward the southeast (i.e. profiles ST 12, ST 13, Fig. 10 ). The streamgradient indices are high and quite variable in the northwestern drainages, with decreasing values and variation toward the southeast (Fig. 8a) . High stream-gradient indices characterize the upstream reaches as well (profiles ST 5, ST 6, ST 7, and ST 9, Fig. 10 ). The means of these values are plotted as a function of distance (Fig. 8a) , and the variability is represented by the standard deviation of the mean.
Elevation of Preserved Surfaces. Profiles of surfaces Q1
and Q2 in the northern San Timoteo drainage show evidence of incision, a response to either tectonic uplift, climatic perturbation, or both (Fig. 11) . For purposes of discussion we consider incision to be a proxy for uplift, although we recognize the simplicity of this assumption. A discussion on the role of climate in the preservation of these terraces follows in subsequent sections. Q1 is elevated between 8 and 27 m (Fig. 11a) , and Q2 is elevated 33-41 m above the present drainage (Fig. 11b) . In the Q1 profile the smaller offset is determined by projection of the surface to the present location of the active channel of San Timoteo Creek. The larger offset estimate is a measurement of the height of the terrace riser at the base of the preserved surface. The difference in these values is a consequence of the apparent tilt of the uplifted surface toward the active drainage, relative to the active surface. A break in slope on the Q2 surface separates two surface remnants and may be formed by a projection of the Loma Linda fault (Fig. 11b) (G. Rasmussen et al., unpublished mapping, 1996) . In this profile, a measurement of the terrace riser results in between 33 and 41 meters, depending on the surface remnant that is measured (either above or below the break in slope) (Figure 11b ). Projection of both surface remnants toward the active drainage results in an incision amount of approximately 35 m. If aggradation of the main San Timoteo drainage has occurred since the preservation of these surfaces, then the separation between the active channel and the preserved surface would be a minimum value only, resulting in an underestimate in the total uplift or incision. If there has been tilting of the surfaces in response to the restraining bend, it would also lead to an underestimate of the uplift amount, particularly as the slopes are projected to the active channel. A remnant of Q2 further upstream ( Fig. 8 ; profile Q2, B) also shows 35 m of incision when projected to the active channel (Fig. 11c) . The degree of erosion into this Q2 surface, however, is much greater than the erosion further downstream at the location of profile A. Evidence of this is seen in the small, discontinuous surface remnants (Fig. 3) (Morton, 1978a) . This suggests that the isolation of this surface at this upstream location may have preceded that of the downstream location. The location of these surfaces with distance from the mouth of San Timoteo Creek, and in relation to the modeled zone of uplift is plotted (Fig. 8c) .
Combining age estimates with these values of incision results in estimated uplift or incision rates that range from 0.13 to 1.00 m/ka for Q1 and 0.40 to 0.84 m/ka for Q2 (Table 2) . Because the age of the surface itself constrains the rate of uplift, using the entire range of ages for the associated stratigraphy likely overestimates the actual age of the surface. This consideration, along with the possibility of surface tilting and channel aggradation that would lead to a minimum offset only, results in these values being minimum uplift rates only; hence the higher uplift rates are the preferred rates. Haner (1982) reported uplift rates of 0.43 m/ka for Grand Terrace, based on the elevation above the Santa Ana River, and a uranium series date of 97 ka for pedogenic carbonate collected from a buried soil, 2.7-3 m below the surface (Fig. 1, Table 2 ). The time elapsed following the formation of the pedogenic carbonate, and prior to the abandonment of the surface, and incision of the Santa Ana River into the surface means that this is a maximum age for the uplift. The uplift used by Haner (43 m) for the calculation is a maximum, though, with a minimum reported uplift of 19 m (Table 2) (Haner, 1982) .
The relative uplift of Grand Terrace above the Santa Ana River occurs outside the zone of anticipated uplift associated with the restraining bend of the San Jacinto fault and is likely due to other tectonic or climatic processes. Although overlap in the uplift values exists between Grand Terrace and the outlet region of the San Timoteo Creek, based on the arguments above, the higher values of uplift are preferred for the surfaces in this study. If the preferred, higher rates are accepted, then there is additional uplift associated with the restraining bend than that produced more regionally.
Models of Deformation around the Restraining Bend
The effect of fault complexity on the spatial distribution of deformation has been simulated by previous workers, primarily using elastic models (e.g., Bilham and King, 1989; Saucier et al., 1992) , or a conservation of mass approach (Anderson, 1994) . A three-dimensional, elastic-deformation model was constructed for the San Jacinto fault bend to identify regions of expected uplift and subsidence. This model assumes a shear regime parallel to the average strike of the fault, N41W, and allows the various fault segments to slip in response to this shear field (Fig. 12) . The model offers a qualitative impression of regional deformation in the vicinity of the fault bend in response to long-term lateral fault slip around the bend. In the simulation, the zone of maximum uplift extends farther to the northeast of the fault bend than it does to the southwest.
Although we expect that this model is far too simple to produce quantitatively accurate results, it is interesting to compare predicted rates with observed. This bend results in a zone of uplifted topography coincident spatially with the observed uplift region at the mouth of San Timoteo Creek. The amount of short-term elastic uplift for a bend of this configuration is shown to be approximately 1% of the lateral slip rate according to this model (for example, 0.15 mm/yr for a slip rate of 15 mm/yr, 0.25 mm/yr for a slip rate of 25 mm/yr), (Fig. 12) . It is important to recognize that the simulation models only the elastic behavior of the fault and that long-term nonelastic deformation and isostatic compensation of the thickened or thinned crust would also affect the observed uplift and subsidence rates (for further discussion, see Anderson, [1994] ). If the total displacement of the San Jacinto fault is 24 km, then the total uplift would be approximately 1% of this amount in the elastic model, or 240 m. If the asperity has been present since the inception of the San Jacinto fault, and if it has been stationary relative to the western side of the fault, then this amount of uplift would have been distributed along the length of the badlands on the northeast side of the fault, and the bedrock topographic high, adjacent to the bend on the southwest side of the fault, would have experienced this amount of total uplift (further discussion in the following section).
To understand the uplift of surfaces in the region of the fault bend, we examine the pathway of a parcel of crust laterally displaced past the fault bend. Using this simulation model, the region on the northeast of the fault that is subject to uplift has a length of 7.3 km (Fig. 12) . A parcel of crust that is displaced past this 7.3-km-long bend at a slip rate of 25 mm/yr will therefore experience uplift for a duration of approximately 290 ka (7.3 km/25 mm/yr). Most of the uplift is occurring at a rate of 0.2 to 0.3 mm/yr (Fig. 12) , suggesting that the total uplift experienced by this parcel of crust would be between 58 and 88 m. After the displacement of the parcel of crust through the bend, subsidence would be expected, as this portion of the crust is laterally displaced into regions of downwarp.
Comparison of Model to Morphometric and Geologic Results
The location of surfaces preserved in the San Timoteo drainage is consistent with the location of maximum modeled uplift. High uplift rates at the fault bend appear to have resulted in the uplift and erosional dissection of surfaces in this zone of compression. The surfaces are increasingly eroded with distance upstream, corresponding to the age of isolation of the surface. The depositional units associated with these surfaces were likely generated by climatic events during this time interval, based on the thickness of these accumulated sediments (Bull, 1991, p. 26) . The lack of surfaces of similar age throughout the San Timoteo drainage basin, however, suggests that tectonism is the dominant driving force for terrace isolation and preservation in this fluvial system. The presence of an angular unconformity within the sediments associated with Q2 also suggests tectonic disruption of this deposition. That Q2 is located further upstream than Q1 also suggests that localized uplift is responsible for the preservation of the surfaces. The deposits associated with Q2 are contemporaneous with the lower section of deposits associated with Q1 (Figs. 5, 6 ). This earlier uplift, isolation, and preservation of Q2 while deposition is continuing nearby (at the location of Q1) is an expected result of the earlier passage of Q2 into the area of uplift. Deposition continued at the location of Q1 until that surface in turn was isolated and dissected as the result of tectonic uplift. Although the diachronous nature of terraces forming in response to climatic perturbations has been clearly demonstrated for surfaces at Cajon Pass (Weldon, 1986) , the abrupt change in surface age over short distances, observed between surfaces Q1 and Q2, is not typical of this process.
Modeled uplift rates for the fault-bend region are slightly less than the difference between the uplift rates of Grand Terrace and those near the mouth of San Timoteo Creek, using the preferred values for uplift (Table 2 ). This suggests that the rate of slip along the San Jacinto fault during approximately the past 100 ka is closer to the maximum than the minimum slip rate determination.
A limitation in comparing the modeled uplift rates to those inferred from the observed height of the terraces is that only the San Jacinto fault is modeled, and the contribution of vertical displacement by motion along other faults in the region is not included. An obvious candidate for such complication would be the Crafton Hills fault complex. Extensional motion across the Crafton Hills horst would contribute to greater incision near the mouth of the San Timoteo drainage basin due to downdrop of the northern block. However, extensional Crafton Hills fault complex in the Yucaipa area (Matti et al., 1992) passes westward into contractional faults of the San Timoteo Canyon fault complex in the San Timoteo Canyon area (Matti et al., in press ). This change in fault motion along strike is likely a result of motion of the Crafton Hills fault complex into the zone of uplift associated with the fault bend on the San Jacinto fault. As a consequence of this changing sense of motion along the fault, the Crafton Hills fault complex is not likely to be contributing to a change in base level along the San Timoteo Creek, and thus affecting the uplift values in the region of the fault bend.
Even a drop in the base level of erosion, however, would be expected to be accompanied by a pattern of more youthful incision with distance upstream, as a nickzone that propogates upstream from the base-level drop (Bull, 1991, p. 24) . The opposite pattern is observed in San Timoteo Canyon, where the Q2 surface further upstream is more extensively eroded. The most youthful incision occurs near the mouth of the drainage system.
The topographic signal is somewhat larger than the region of uplift defined by modeling. In particular, the higher residual values continue farther to the southeast than the predicted uplift. This is readily explained by the delay in response time of these parameters to uplift. Erosional processes, by necessity, must lag behind the tectonic uplift. A parcel of crust being transported past the restraining bend might be laterally displaced completely out of the compressive zone and still retain a geomorphic signal indicating uplift. The maximum denudation values lie to the southeast of the modeled uplift (Fig. 8b) . Again, this likely reflects the relatively long time required to transport material from these basins and the lateral movement out of the uplift zone. The possibility that this pattern indicates the presence of an unmapped structure that is uplifting the region to the southeast of the restraining bend, though, cannot be eliminated.
The high slip-rate values along the northern San Jacinto fault suggest that the majority of plate motion accommodated along the San Andreas fault has transferred to the San Jacinto fault in this region. This is in agreement with hypotheses that the San Andreas fault has experienced very little lateral displacement through the San Gorgonio Pass region in recent geologic history (Matti et al., 1985 (Matti et al., , 1992 Morton et al., 1986) . This is further supported by the suggestion that the San Jacinto fault is a very youthful structural feature and that the total slip along the fault (24 to 30 km) has occurred in approximately 1 Ma (Morton and Matti, 1993b; Dorsey and Ryter, 2000) . This slip distribution is at odds, though, with many kinematic models that place the majority of slip on the San Andreas fault through this section (Weldon and Humphreys, 1986 ; Working Group on California Earthquake Probabilities, 1995).
An interesting feature of the region surrounding the restraining bend is an anticline that occurs to the northeast of the fault (Fig. 2) . The anticline is active in the area near the restraining bend (D. M. Morton, unpublished mapping), and is inactive to the southeast, near San Jacinto Valley (Kendrick, 1999) . This diachronous anticline, therefore, might have formed as it was adjacent to the restraining bend. The southern end of the mapped trace of the anticline is approximately 28 km to the southeast of the restraining bend (Morton, 1999; J. C. Matti and D. M. Morton, unpublished data) (El Casco 7.5Ј quadrangle), similar to the total displacement of 24 to 30 km reported for the San Jacinto fault (Sharp, 1967; Morton and Matti, 1993a) . If this anticline formed in response to the restraining bend, then, its length suggests that the restraining bend has been present since initial motion along the San Jacinto fault, and was an original feature.
The portion of the San Timoteo drainage that is parallel to the San Jacinto fault, San Timoteo Creek, is also approximately 28 km long, as is the area of uplifted topography which comprises the badlands. If San Timoteo Creek has formed in response to the uplift surrounding the restraining bend and has lengthened as lateral motion along the fault has moved it toward the southeast, it might account for the anomalous profile of this drainage. The drainage lacks the increased slope in the headwater region that is a characteristic of drainage systems (Hack, 1973 ). An alternative to this is that this section represents a lateral displacement of the eastern section of the drainage basin, including the tributary, Little San Gorgonio Creek (Fig. 4) , possibly as it encountered the elevated topographic region on the southwestern side of the fault.
The coincidence of the lengths of these features, the anticline, the drainage, and the badlands themselves, further supports, but does not require, that the restraining bend has been present during the entire time of motion along the San Jacinto fault. That all of this deformation occurs on the northeastern side of the fault suggests that the restraining bend has been fixed relative to the southwestern side of the fault. If both sides of the fault were moving past the restraining bend, deformation would be present on both sides. This deformation would then be distributed on both sides, and the length of the deformation on each side should sum to the total slip on the fault.
Conclusions
Luminescence dates help to constrain the timing of the deposition of units associated with surfaces in San Timoteo Creek. These dates are consistently slightly older than the soil-correlation age estimates, which reflect the timing of surface stability. This is an expected difference between the deposition and the abandonment and surface formation. These are the first age determinations for the surfaces preserved within the northern portion of San Timoteo drainage basin.
There is good agreement between the residual map and other geomorphic parameters. The regions of uplift agree with the zones of maximum incision close to the fault bend. A broader zone of deformation associated with the morphometric results as compared to the modeled deformation reflects the response time of the drainages to the tectonic forcing. The presence of structures not well expressed at the surface, though, cannot be discounted by this morphology.
The uplift rates on the northeastern side of the restraining bend suggest that the fault slip rate has been high during at least the past 100 ka. The difference between the uplift rates within the outlet region of the San Timoteo Creek and the uplift rates at the nearby Grand Terrace location suggest that localized uplift is occurring in the region of the fault bend. This implies that a significant amount of slip may have been transferred from the San Andreas to the San Jacinto fault during this time period. More research, including paleoseismic, geodetic, and geophysical, must be conducted to confirm this distribution of slip.
There is some indication that the fault bend has remained fixed with respect to the bedrock topographic high on the southwestern side of the fault. Evidence for this includes the lack of symmetry of deformational features preserved in the landscape and the stratigraphy and the correspondence of the length of the anticline axis with the total recorded offset of the San Jacinto fault.
